Molecular dynamics simulation was performed to investigate unique crystalline states of ionic crystal at condition of a strong gravitational field (one million G). The simulation results showed that lattice vibration spectra of anion and cation along the gravity direction and the normal directions of the gravity were analyzed to confirm crystalline states of the ionic crystal. It is found that the shapes of spectra along the gravity are obviously different from the others along normal directions of the gravity. In addition, the peaks of spectra along the gravity were shifted toward higher frequency. It is shown that anisotropic lattice vibration spectra were induced by strong gravitational field, and it is insisted that the unique crystalline states and physical properties are induced by strong gravitational field.
Nomenclature
A : repulsive radius B
: softness parameter C : van der waals coefficient K : bulk modulus N : number of atoms q : electric charge r : distance between atoms T : temperature V : volume
Introduction
While micro gravity field (10 -6~ G) has been used in many fields, the materials science under a strong gravitational field (~ 10 6 G) is remained unexplored. Under strong gravitational field, each atom is provided one-dimensional body force along the gravity, and the strong gravity induces the displacements of each atom. As the results, a unique molecular/crystalline state is realized. If the relative body forces, which were depending on the differences in atomic weight and volume, overcome the forces which were induced by chemical potential, the sedimentation occurs in condensed matter of liquid state or even in bulk body. Due to above unique phenomena, strong gravitational field is very useful for material science. However, no experimental result for the sedimentation of elemental atoms in condensed matter had been reported. Recently, the theoretical and experimental studies under strong gravitational field have been reported by Mashimo [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Sedimentation of atoms in condensed matter was realized and the atomic-scale phase change and graded structure were reported by Mashimo. In this study, molecular dynamics simulations of KCl were carried out to investigate the unique crystalline states under strong gravitational field. The analysis of vibration spectra along the gravity and along the normal directions were adopted to find the unique behavior of atoms.
Simulation Method
The MD simulations in the (N, V, T) ensemble were performed by using the simulation program "MXDORTO" developed by Kawamura 11) to investigate the unique crystalline states and the anisotropy of vibration spectra of KCl along the gravity and along the normal directions under strong gravitational field. N, V and T showed number of atoms, volume and temperature in basic MD cell, respectively. The Born-Mayer-Huggins type potential function was adopted as interatomic interaction. The function was used for ionic crystals. The functional form is a two-boby interatomic interaction and it is modeled as following equation. It is composed by Coulomic attraction term, an exponential repulsion term and van der Waals interaction term, where, r ij is the interatomic distance between i-th and j-th ion, and f is a standard force constant 4.184 kJ/ mol. The effective charge q, the repulsive radius A, the softness parameter B, and the van der Waals coefficient C are the potential parameters. The parameters used in this study were empirically optimized to reproduced lattice parameters and bulk moduli of KCl on the basis of the isothermal compression curve derived from Hugoniot data 12) . The Potential parameters and bulk moduli of KCl were listed in Table 1 .
In case of the gravity field, materials have to be directly contacted on the wall which is arranged along normal direction of the gravity. If the wall is not existed, materials can not feel gravity or it is just free fall. As above reason, a potential wall must be adopted in the MD simulation at Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved. is a standard force constant. Parameters of A and B are 3.0 and 0.02, respectively.
The procedure of MD simulation under strong gravitational field was shown as following. The basic MD cells with 1000 atoms (5×5×5 unit cells, 500 K + and 500 Cl -) were prepared as shown in Fig. 1 (a) .
The cell length along gravitational field (z axis direction) is extended two times. Then, same number of anions and cations (5×5×5, 500 K + and 500 Cl -) are arranged on neighbor of the original cell as a weight (see Fig. 1 (b) ). It is assumed to be ten times load of original cell. In cases that normal weight atoms are used for the simulation, the cell is bounced off the wall due to repulsive force from the wall. To avoid its bounce, the heavy atoms were arranged as weight (see Fig. 1 (b) ).
The cell length along gravitational field (z axis direction) is extended more 1.25 times and the terminal atoms of the cell are taken away several angstrom from the wall as shown in Fig. 1 (c) . The sufficiently long relaxation period for 5×10 4 steps (100 pico-seconds) is carried out under ambient condition to converge the desired temperature (200 K). In this period, wall has no repulsive forces to each atom, and no gravity is provided.
Soft landing period for 5×10 4 steps (100 pico-seconds) was carried out under 5×10 5 G and potential wall also provided the repulsive force. Atoms get close to the wall after the soft landing period as shown in Fig. 1 (d) . After then, the simulation under 1 million G for 1.5×10 4 steps (30 pico seconds) was performed to obtain the data for vibration spectra. Velocity auto correlation function was calculated then power spectra of vibration are calculated by its Fourier transformation. Figure 2 shows the snapshot of crystalline state of KCl under one million G. Gravity was provided along z-axis direction. The (100) plane of KCl is faced on the potential wall. Vibration spectra of potassium and chloride ions under one million G and ambient pressure at 200 K are shown in Fig. 3 . 
Results
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The vibration spectra are obtained by Fourier transformation of velocity auto correlation function. Spline approximation was operated on the spectra in Fig. 3 (a) and (b) . Axis of vertical and transverse in Fig. 3 are shown as the intensity and the frequency, respectively. Lower three lines are the vibration spectra about chloride ions, and they are along x, y and z direction from the bottom. Upper three lines are the vibration spectra about potassium ions, and they are also along x, y and z direction from the bottom. It is found that the shapes of vibration spectra under ambient pressure are isotropy and shapes of the spectra along z axis direction under one million G are obviously different from the shapes along x and y axis directions. In addition, the peaks of spectra along z axis direction under gravitational field shift to higher frequency.
Conclusion
MD simulations were performed to investigate the unique crystalline states of typical ionic crystal of KCl under strong gravitational field. The (N.V.T) ensemble and the interatomic interaction of Born-Mayer-Huggins (BMH) type were adopted. In this simulation, we adopted potential wall at strong gravitational field condition. The wall provides repulsive forces which depend on the distances between the wall and each atom. The repulsive force was exponentially increased with decrease of the distances.
As the simulation results, it is found that the shapes of spectra along gravity direction (z axis direction) under one million G are obviously different from the shapes along x and y axis directions. In addition, the peaks of the spectra along z axis direction shift to higher frequency. It shows the anisotropy of vibration spectra, and insists the unique crystalline states and physical properties under strong gravitational field. 
